Viscoelastic fluids exhibit rheological nonlinearity at a high shear rate. Although typical nonlinear effects, shear thinning and shear thickening, have been usually understood by variation of intrinsic quantities such as viscosity, one still requires a better understanding of the microscopic origins, currently under debate, especially on the shear-thickening mechanism. We present accurate measurements of shear stress in the bound hydration water layer using noncontact dynamic force microscopy. We find shear thickening occurs above ∼ 10 6 s −1 shear rate beyond 0.3-nm layer thickness, which is attributed to the nonviscous, elasticityassociated fluidic instability via fluctuation correlation. Such a nonlinear fluidic transition is observed due to the long relaxation time (∼ 10 −6 s) of water available in the nanoconfined hydration layer, which indicates the onset of elastic turbulence at nanoscale, elucidating the interplay between relaxation and shear motion, which also indicates the onset of elastic turbulence at nanoscale above a universal shear velocity of ∼ 1 mm=s. This extensive layer-by-layer control paves the way for fundamental studies of nonlinear nanorheology and nanoscale hydrodynamics, as well as provides novel insights on viscoelastic dynamics of interfacial water.
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nonlinear rheology | hydration layer | shear thickening | elastic turbulence | dynamic force spectroscopy T he rheological nonlinearity of fluids (1-3) is a universal, highly nonequilibrium phenomenon observed in diverse systems ranging from soft materials [e.g., polymeric (1, 4) , biological (5, 6) , and colloidal (2, (7) (8) (9) ) solution] to terrestrial layers [e.g., Earth's mantle (10) ], occurring at extremely high shear rates (1, 2, 11) . Although shear thinning (decrease of viscosity) originates from the decrease of particle density correlation (2, 12) , shear thickening (4, 7, 8, (13) (14) (15) (16) (17) (increase of viscosity) has been understood in various perspectives such as hydrodynamic instability (18) at high Reynolds number (Re) or order-disorder transition (13, 14) at low Re and high Weissenberg number (Wi) [a measure of elasticity of viscoelastic flows (1); see SI Appendix, section S1, for nonlinear hydrodynamics formalism based on Re and Wi]. In particular, such a viscoelastic flow with low Re and high Wi exhibits behaviors similar to the inertial turbulence of Newtonian flow, so termed the elastic turbulence (4, 17) . Despite extensive studies, however, one still lacks understanding of (i) the role of elastic instability in the enhanced flow resistance and (ii) the unexplored characteristics of nonlinear rheology at nanoscale.
The hydration water layer (HWL), which is a ubiquitous form of nanoscale water consisting of water molecules tightly bound to ions or hydrophilic surfaces, is a highly viscoelastic fluid showing sluggish relaxation time (19) (20) (21) up to 10 μs (22) . Better understanding of the HWL dynamics, especially its nonlinear rheology, is increasingly on demand to address diverse processes associated with HWL and to develop related technologies (23, 24) . Nonetheless, there have been only a few experiments reported in literature and the representative work was made by Li and Riedo (25) , which described the nonlinear viscoelasticity of nanoconfined water and showed shear thinning effects using atomic force microscopy, operated at relatively low shear rate (<10 4 s
) with the fixed one-layer thickness (about 0.4 nm) of HWL. Recently, nonlinear rheology of HWL was also experimentally studied (26) , where the results were simply discussed in terms of Wi, without any detailed description of the nonlinear fluidic characteristics such as shear thinning and shear thickening (1, 2, 7).
Here, we (i) present precise measurements of the nonlinear rheological properties of HWL, obtained at high shear rate up to ∼ 10 7 s −1 and with layer-by-layer thickness control of HWL (0.3 ∼ 2.0 nm), (ii) propose a theoretical model of shear thickening that is attributed to the elastic instability-induced nonlinear fluidity by using the upper-convected Maxwell (UCM) model (1) in combination with the Reynolds method of treating fluctuations in hydrodynamics (18) , and (iii) discuss the dynamic change of E dis , the dissipated energy due to HWL, with respect to shear stress as an indirect evidence of elastic turbulence. We find good agreement of experiment with theory when one incorporates the nonlinear fluidity due to correlated fluctuations between shear stress and strain rate. Interestingly, it turns out that shear thickening can be described by such a dominant rheological nonlinearity even in the presence of a noticeable change of the intrinsic viscosity of water (27) .
Results and Discussion
Dynamic Transition from Linear to Nonlinear Fluidity. Fig. 1A shows the experimental schematic, where we used the noncontact, dynamic force microscopy that employs the quartz tuning fork (QTF) (Materials and Methods). As the flattened silica tip, oscillating at frequency (ω) and variable shear-oscillation amplitude (A 0 ), approaches the mica substrate in air, the HWL is formed in the nanogap. Fig. 1 B and C presents the effective elasticity (k) and damping coefficient (b) of HWL versus the gap separation (y 0 ), respectively, measured during tip retraction. The data in the green-colored region between y 0 = 0.3 and 2.0 nm
Significance
The hydration water layer (HWL) is a ubiquitous form of nanoscale water bound to the hydrophilic surfaces and plays a critical role in diverse phenomena in nature. Especially, investigation of its nonlinear fluidic properties is important for better understanding of its rheological contributions at a microscopic level. Using precise control and sensitive detection of HWL, we observe shear thickening at above a critical shear-strain rate of 10 6 s
, resulting from the interplay between relaxation and elasticity-induced fluctuation correlation. Interestingly, the results indicate the occurrence of elasticity turbulence above a universal shear velocity of ∼ 1 mm=s. This work not only furthers our understanding of nonlinear nanorheology but is a stepping-stone toward controlled experiments on the nonlinear fluid dynamics near the interface. show dramatic variations with A 0 (or equivalently, shear rate), used for our analysis of nonlinear rheology of HWL. Notice that, above y 0 = 2 nm, the capillary effects dominate while the HWL effects disappear (28) , and the nonlinear rheological properties due to capillarity are detailed in the ref. 27 (as shown in figure  3A of ref. 27 , the contact line-induced interaction decreases k and b with the increase of A 0 ). Therefore, whereas the shear thickening of HWL originates from the fluctuation correlation, the capillary effect results in shear thinning, in contrast to HWL, associated with the pinning-depinning dynamics of the capillary contact line (27) . Fig. 2 A and B presents the data for y 0 ≤ 2 nm, plotted in terms of the out-of-phase viscosity η″ (η″ ≈ ky 0 =Ω, Ω being the interacting area of the tip) and the dynamic viscosity η′ (η′ ≈ by 0 =Ω) versus the shear rate _ γ 0 (_ γ 0 ≈ v tip =y 0 ≈ A 0 ω=y 0 , v tip being the tip velocity), respectively. Dynamic transition from linear to nonlinear flow is clearly observed: the elastic part (η″) exhibits shear thickening above the critical shear rate of ∼ 10 6 s −1 except for y 0 = 0.3 nm (i.e., single molecular layer of water), whereas the viscous part (η′) reveals shear thinning even at y 0 = 0.3 nm (to be discussed later), which is consistent with the previous results (25) . , there occurs dynamic transition from laminar flow to nonlinear fluidity: the elastic part (η″) shows shear thickening except for y 0 = 0.3 nm, whereas the damping part (η′) exhibits shear thinning even at y 0 = 0.3 nm (see discussion in the text). Each data point represents the average of 12 independent measurements, and its error bar corresponds to 1 SD. 
whereσ denotes the convected time derivative of the stress tensor σ; τ (η), the relaxation time (shear viscosity) in the Maxwell model; and ∇v, the velocity-gradient tensor with its ij component, (∂v j =∂x i ). Here, the elasticity of the viscoelastic fluid becomes dominant when τ is longer than the reciprocal shear rate (1), τ 1=_ γ 0 . Notice that Eq. 1 describes the usual hydrodynamic stress tensor if τ = 0, while it becomes the linear Maxwell model whenσ is simply replaced by ∂ t σ = ∂σ=∂t . Eq. 2 shows that there exists coupling between different components of shear stress ðσÞ ij ≡ e σ ij and strain rate ð∇v + ð∇vÞ † Þ ij ≡ e _ γ ij , which is missing in the linear model.
For the simple shear flow with fluctuations absent, the shear stress in the UCM model takes the asymptotic form in the linear Maxwell model (t τ) (SI Appendix, section S2). However, in reality, fluctuations always exist as manifested in the hydrodynamic instability (29) or the shear-induced Brownian motion (30) , so that solutions of Eqs. 1 and 2 become very complicated because of mixing between various fluctuating stress and strain rate components. Thus, following the methods developed by Reynolds (18), we decompose the components of stress (e σ ij ) and velocity (e v i ) into their mean values (σ ij , v i ) and fluctuations
where _ e ij ≡ ∂v j ′=∂x i denotes the fluctuation of the strain rate associated with v j ′; _ γ 21 = ∂v 1 =∂x 2 , the average shear rate [for oscillatory shear, _ γ 21 = _ γ 0 sin ωt = ðA 0 ω=y 0 Þsin ωt]; and h i, the ensemble average. Notice that, in Eq. 3,
ðhσ 2k ′ _ e k1 i + h_ e 2k σ k1 ′ iÞ [4] represents the additional contribution of the nonlinear fluctuationinduced stress, produced by correlations between fluctuations of strain rate and stress. Because the fluctuation of stress (σ ij ′ ) can result from coupling between other fluctuating components such as _ e kl and σ mn ′ in the UCM model, Eq. 4 can be rewritten in terms of correlations between the strain rate fluctuations (SI Appendix, section S3):
ð2η_ e kl _ e l1 + ⋯Þ
ð2η_ e 2l _ e lk + ⋯Þ
[5]
Although, for further development of the still complex expression [5] , one needs explicit information about _ e ij , we instead simplify by using the linear assumption _ e ij ≈ c 0 _ γ 0 + Oð_ γ 2 0 Þ, which holds for small and isotropic strain rate fluctuations, or equivalently for small coefficient c 0 , c 0 < 1 (as justified in Fig. 3B ). Notice that this assumption of isotropic fluctuation breaks down at y 0 = 0.3 nm (discussions follow). Consequently, we can derive the total shear stress ratio:
where σ 0 = η_ γ 0 is the linear shear stress. Here, when τ 1=_ γ 0 , the first term in Eq. 6 is dominant, corresponding to the simple linear flow. Notice that Eq. 6, which is based on the linear shear motion, can be equally applied to the present oscillatory shear A B experiment because of the relatively low frequency ω (SI Appendix, section S2). Eq. 6 is well fitted to the experimental data given in Fig. 3A for each y 0 . Here the y 0 -dependent τ values are determined from Fig.  2B and SI Appendix, Fig. S3A (SI Appendix, section S4 ). Simulations on HWL between adjacent hydrophilic surfaces, which are interrelated by the hydrogen-bond network, show that (24) the correlation time between hydrogen bonds becomes longer than in bulk water, as observed (19) (20) (21) or expected (22) by the sluggish dynamics with a longer τ (Fig. 2B) . Therefore, shear thickening, resulting from the fluctuation-induced correlation, may be also associated with the similarly "stretched" network that consists of water molecules and HWLs. In Fig. 3B , c 0 represents the degree of fluctuation with respect to the mean shear rate and is consistently small (< 1), justifying the assumption used in derivation of Eq. 6. Importantly, even when one incorporates the shear-thinning effect (decreased η) (Fig. 2B and SI Appendix, Fig. S3A ) into Eq. 3, one still observes very similar behaviors to those with constant η, but with slightly increased c 0 (SI Appendix, section S3). Notice that, in the present formalism, shear thinning can be understood as associated with the fluctuationassisted rapid decrease of particle density correlation (2, 12) under high shear rate, indicating the enhanced molecular escape from the neighboring "cage molecules," which produces the overall molecular mixing in the liquid.
Energy Dissipation and Turbulence in HWL at High Shear Rate. Investigation of dynamical behaviors of the dissipated energy (E dis ) can provide an indirect evidence for occurrence of elastic turbulence in HWL at high shear rate, which also supports that the HWL incorporates indeed the hydrodynamic fluctuations as modeled in our analysis. In ref. 28 , it is shown in detail that the HWL obtains energy from shear deformation under the shear stress (σ 21 ), which is then dissipated in proportion to _ γ 2 0 (or v 2 tip ) at low shear rate and under 2.0-nm thickness. However, if elastic turbulence occurs in the HWL, a portion of the acquired energy by shear stress should be constantly transferred to the turbulent kinetic energy, which is the important characteristics that accompanies turbulence (31) , and thus the net dissipated energy of the HWL becomes reduced. This turbulence-induced energy dissipation is shown. In Fig. 4 ; although the measured E dis increases along the plotted lines, proportional to _ γ Discussion Now let us discuss the limiting case of y 0 = 0.3 nm (Fig. 2) , where the apparent viscosity does not exhibit any shear thickening while the viscous part still shows shear thinning. This remarkable observation demonstrates indeed that our model works consistently with the experiment: at y 0 = 0.3 nm where the tightly confined water monolayer is sheared, the strain rate fluctuation vanishes in the vertical y direction (i, j = 2) while its horizontal components remain. Consequently, whereas the additional shear stress (Eq. 5) responsible for shear thickening vanishes, the shearthinning effect associated with shear viscosity still persists, as previously investigated theoretically (2, 12) . Moreover, fluctuations in the vertical direction should increase with y 0 beyond 0.3 nm, as indicated by the gradual increase of c 0 (Fig. 3B ). Fig. 5 shows that shear thickening of HWL follows the universal velocity dependence when plotted versus shear velocity (except for y 0 = 0.3 nm) instead of shear rate. This remarkable behavior implies that the unique critical velocity of about 1 mm/s may play a fundamental role in the nanorheological phenomena of HWL; for example, the autoregulated velocity (∼ 1 mm/s) of the deformable red blood cells in the capillary flow of animals may be hinted by the effectively similar nonlinear nanorheology effect of plasma in the narrow gap between blood cell and capillary wall (32) .
Last, we emphasize that our theoretical model can be similarly applied to various other viscoelastic liquids under hydrodynamic instability because the model is based on the hydrodynamics with nonlinear stress-strain tensor, namely the UCM model. For example, the colloidal particle system is well suited to our model because it also involves the hydrodynamic instability (at high Wi or Péclet number) for shear thickening to occur, irrespective of the contribution of order-disorder transition (7, 9) . It is, however, inappropriate to use our model for shear thickening originated from shear-induced structuring such as in surfactant solution (33) .
In summary, we have proposed shear thickening can originate from the nonlinear hydrodynamic instability due to fluctuation correlations without involving increase of shear viscosity, as demonstrated in the elasticity-induced enhancement of apparent viscosity in HWL. The broad dynamic range of control and measurement demonstrated in this (sub)nanometric system enables the direct quantitative study of fundamental processes in nonlinear nanorheology of the interfacial water, offering grounds for further studies of, e.g., elastic turbulence at nanoscale or interfacial H-bond dynamics.
Materials and Methods
We measured the rheological properties of the nanometric HWL formed in ambient condition between the flattened fused-quartz silica tip and the mica substrate using the QTF (34) . The QTF, when operated in the shear mode (28, 35) of dynamic force microscope, allows accurate noncontact measurements at precisely controlled tip-sample separation due to its high stiffness (∼ 2 × 10 4 N/m) and high quality factor (∼ 10 4 ), oscillating at various amplitudes (0.3 ∼ 14.6 nm). As detailed in ref. 28 , the tip was strongly epoxied to QTF and made flattened (diameter of the flat area is 60 ± 5 nm) while the cleaned mica was tightly fixed on the piezoelectric transducer using an adhesive glue. The silica tip and mica are atomically flat with the root-meansquared roughness (28) of 0.014 and 0.039 nm (or the corresponding peak-topeak roughness of about 0.07 and 0.11 nm) on a scanned area of 100 × 100 nm, respectively. All of the experiments were performed at room temperature (297.5 ± 1 K) and at a high relative humidity of 76.4 ± 2% where the capillary effects are negligible below 2 nm (28) (notice that the capillary effects, dominant beyond 2 nm separation, are fully described for the water nanomeniscus in ref. 27 ). Determination of the contact point is given in SI Appendix, section S5. For the critical parallelism alignment between tip and substrate, we used a fine tilt stage: in the presence of tilt, the capillary effects become noticeable producing the negative phase signal, which is adjusted to minimize the tilt (SI Appendix, section S6).
